An analytical model and numerical approach to predict the effective mechanical properties of a composite conductor consisting of metallic core and insulation layers are presented in this paper. The analytical model was developed based on a two-step homogenizations and mechanics analysis for composite unit cell. The Step 1 homogenization derives the effective properties of the out-wrapped composite insulation layers. The Step 2 homogenization further smears the metallic core and the effective composite insulation layers to develop homogenized mechanical properties for composite conductor according to appropriate homogenization sequences. The procedure of using numerical approach and finite element method to determine the unit cell effective constants were also described and the results of the FEA prediction were presented. The analytical predictions were compared well to the numerical results for the nine material constants that characterize the effective mechanical properties of the composite conductor.
Introduction
Compact and lightweight electromagnetic machinery (EM) has been envisioned as a critical component in future combat vehicles and weaponries [1] [2] [3] . One of the integral elements in the system is the electromagnetic composite conductor. Materials used in the conductor consist of electrical conducting core and outside insulating layer(s). The conductor core is made of conducting materials, such as copper, aluminum and copper alloys, to form low resistance electric circuits [4] [5] [6] . The fiber-reinforced polymer composite is used in the insulation because its constituent reinforced fiber and epoxy resin provide a good combination in mechanical property, thermal and insulating protection. The metallic conductor core are wrapped with the insulating composites and packed into a winding assembly. A portion of the conductor winding assembly and the schematic representation of the constituent materials and their hypothesized dimensions in a composite conductor unit cell are shown in Figs. 1 and 2 , respectively.
The objective of this paper is to present an analytical modeling and numerical approach to quantitatively predict the effective mechanical constants of the conductor unit cell. The composite conductor is a small unit of the electrical winding that is a core component of the EM system. Accurate mechanical properties of the conductor are essentially important because they provide the fundamental material parameters in the design and analysis of the EM system structural responses under the combined mechanical, electromagnetic, and thermal loading. There are nine material constants in characterizing the effective mechanical properties of the conductor unit cell (Fig. 2) due to the anisotropy of the composite layers. These constants are difficult to be measured accurately, especially transverse and shear properties, as well as the Poisson's ratios.
Homogenization modeling

Homogenization scheme
Due to the complex conductor winding geometry and the heterogeneity of the conductor assembly, the EM system is usually analyzed separately at the global and local level. The analyses conducted at the global level use the homogenized effective properties derived from unit cell representative [7] [8] [9] [10] . In this level, the unit cell is homogenized by smearing the distinctive phases of constituents. To homogenize the composite conductor unit cell as shown in Fig. 2 , we employ following homogenization scheme as illustrated in Fig. 3 . According to this schematic representation, we can divide the procedures of homogenization into following two steps:
Step 1: Homogenization of the conductor insulation layer--composite insulation blocks.
Step 2: Homogenization of the conductor assembly--metallic core þ composite insulation blocks.
Results of the Step 1 homogenization will lead to the determination of the effective mechanical properties of homogenized composite insulation blocks consisting of layers of different insulation materials (phase 1 and phase 2) and AEh°plain-woven glass composite (phase 3). The calculated effective mechanical properties will be used in the Step 2 homogenization to derive the effective mechanical properties of the composite conductor. The scheme of the homogenization is illustrated in Fig. 3 and details of the derivation are presented in the following section.
Homogenization of the insulation composite blocks
Considering different fiber orientations of the plainwoven composite with respect to the conductor global structural coordinate system, we divide the over-wrapped insulation layers into two composite blocks: (1) CB1 attached at the horizontal surfaces of the metal core; and (2) CB2 attached at the vertical surfaces. The difference between CB1 and CB2 is the fiber orientations of the glass composite in the homogenized blocks, as shown in Fig. 4 , as well as in Fig. 4 (b) and (c) (section view). The relationship between the local composite coordinate system xyz for a typical insulation composite block and the conductor global structural coordinate system XYZ is shown in Fig. 4(d) .
Based on the composite mechanics theory, we can derive an analytical expression for elastic constants of the composite blocks CB1 and CB2 as shown in Fig.  4 (b) and (c). Although some equations in this sub-section are well-known in the field of composites, for the sake of the completeness of the derivation, we still include them in the presentation. Therefore, the nine elastic constants in the conductor global coordinate system XYZ can be expressed in terms of the elastic constants of its constituent layers and the corresponding volume fractions: for composite block CB1: 
The elastic constants of the plain-woven glass composite in the local coordinate system (xyz) are determined by [11, 12] : 
where, as well as in the following expressions, E ij represents the Young's modules, G ij the shear modules, and m ij the Poisson ratios; the superscripts CB1 and 1, and CB2 and 2 denote for composite block 1 and block 2; M for metallic conducting core; the subscripts x, y, or z denote components in the composite local coordinate system; X, Y, and Z the conductor global structural coordinate system; 1, 2, and 3 the composite principle coordinate system; P 1 , P 2 , and G denote for phase 1, phase 2 and glass composite insulation materials; the subscripts f and m denote constituent fiber and matrix in glass composite materials. V i Pi denotes the volume fraction of individual insulation material in the composite blocks, with i ¼ 1; 2 for CB1 and CB2, and j ¼ 1; 2; 3 for phase 1, phase 2, and phase 3 material, respectively; and V f and V m denote the volume fraction of the fiber and matrix in glass composites.
Homogenization of EM composite conductor
The effective mechanical properties of the composite conductor are derived from the homogenization of the metallic conducting core with the composite insulation blocks. The homogenization scheme is shown in Fig. 5 . The homogenization is conducted through a combined two-sequence operation as shown in Fig. 6 .
In Sequence 1 operation, we first homogenize the insulation composite block and the metallic conducting core to determine the effective mechanical properties Fig. 6(a) ) or E CB1-M ij (Fig. 6(b) ). In Sequence 2 operation, we add the remaining insulation composite blocks to the results of the Sequence 1 homogenization to derive the effective mechanical properties of the composite conductor E CC ij . Depending on the responses of the constituents to the prescribed deformation, the effective constants derived from the sequence opera-
Þ; i ¼ 1; 2g will be calculated either through a displacement prescribed relation:
or a stress prescribed relation:
Based on above analogous, we derive following mathematical formulations to calculate the homogenized effective mechanical properties for the composite conductor:
where, V M denotes the volume fraction of the metallic core, V CB1 the volume fraction of the composite block 
CB1, and V CB2 the volume fraction of the composite block CB2.
Numerical modeling
The finite element model is developed based on CAD model for the designed conductor geometry. The FEA software used in the analysis is ANSYS 5.6.3. A total 6060 8-node brick elements was generated in ANSYS for the unit cell CAD model. Out of the 6060 elements, there are 1260 8-node Solid64 type structural anisotropic elements in the composite block CB1, 1440 8-node Solid64 type structural anisotropic elements in the composite block CB2, and 3360 8-node Solid45 type structural brick elements in the metallic core. The material properties of CB1 and CB2 are determined from the equations derived in Section 2.
Numerical calculation of Young's modulus
A schematic illustration of boundary and loading conditions for calculating the effective constant E CC XX is shown in Fig. 7 . As shown in the figure, a uniform displacement field U X ¼ 0:001L X , which is equivalent to a strain e X ¼ 0:001 is prescribed on the surface S X 1 , and a constraint, U X ¼ 0:0, is prescribed on the surface S X 2 .
The effective constant E CC XX can be calculated from following equation:
where, A S X 1 and A S X 2 are the areas of the surface S X 1 and S X 2 , respectively; L X is the dimension of the unit cell in X direction; and R X is the X-component of the average reaction force produced on that surface S X 2 caused by the prescribed displacement U X on surface S X 1 . It can be determined as
Similarly, above derivation can also be applied to calculate the effective Young's modulus E CC YY and E CC ZZ : 
Numerical calculation of shear modulus
A schematic illustration of boundary and loading conditions for calculating the effective shear modulus G XY is shown in Fig. 8 . As shown in the figure, we apply a uniform displacement field U X ¼ 0:001L Y , which is equivalent to c XY ¼ 0:1%, on the top surface S Y 1 , and constrain U X ¼ 0:0 on the bottom surface S Y 2 . In order to ensure a pure shear deformation can be produced in the model, we also apply a constraint U Y ¼ 0:0 on both left and right surface S X 1 and S X 2 , respectively.
The effective constant G XY can be calculated from following equation:
with
in which, A S Y 2 is the area of the surface S Y 2 and R X is the X-component of the average reaction force produced on the surface S Y 2 caused by the applied displacement U X on surface S Y 1 .
Similarly, the above derivation can also be applied to calculate other effective shear modulus G YZ and G XZ :
and U Y ¼ 0:0 on both S Z1 and S Z2 ; and
with U X ¼ 0:001L Z on S Z1 ; U X ¼ 0:0 on S Z2 ; and U Z ¼ 0:0 on both S X 1 and S X 2 . The reaction forces in Eqs. (54) and (55) can be determined by
Numerical calculation of Poisson ratios
Calculations for Poisson ratios are based on following equations:
in which, e ij , ij ¼ X , Y, and Z, are the results obtained from the FEA models.
Results and comparisons
Results of the modeling prediction
The input constituent material properties and the designed geometry for each constituent material in the conductor unit cell (Fig. 2) are listed in Table 1 .
From the equations derived in Section 2, we can determine the homogenized elastic material constants for composite blocks and composite conductor. These results are summarized in Table 2 . 
Comparison with the numerical (finite element) solution
The analytical predictions are compared to the numerical results obtained from the finite element modeling. The comparisons are plotted in Fig. 9 for the conductor with conducting core cross-section: 19 mm Â 19 mm, and in Fig. 10 for the conductor with conducting core cross-section: 19 mm Â 25:4 mm, respectively. It can be observed that the effective mechanical constants predicted from the analytical model agree well with the finite element predictions for both cases, except for the in-plane Poisson ratio m XY .
Effect of the conductor geometry
The variation of the conductor geometry, such as the change of the insulation layer thickness and change of Fig. 11 . The small geometric variation of the conducting core cross-section will not dramatically influence the conductor effective mechanical properties, as shown in Fig. 12. 
Effect of the fiber orientation
The effect of the fiber orientation in composite layer on the effective properties of the conductor was studied and the results are shown in Fig. 13 . It seems that the homogenized effective properties of the conductor are not sensitive to the fiber orientations, except for a slight variation for the axial modulus, E CC ZZ , and the axial Poisson ratio m CC XZ and m CC YZ . The axial Young's modulus decreases slightly with the increase of the fiber woven angle. This is due to the decrease of axial modulus of the fiber composite in the conductor insulation layers when the fiber woven angle is increased. For other modulus, the effect of this change is negligible.
Summary and conclusion
The effective mechanical properties of composite conductor consisting of metallic conducting core and insulating layers of different phase materials and glass AE45°plain-woven fiber composite were predicted. The homogenization was achieved by a two-step procedure, i.e., Step 1 to homogenize the insulation composite blocks consisting of out-wrapped insulating layers, and
Step 2 to homogenize the metallic conducting core with the homogenized composite blocks. In the Step 2 process, a combined homogenization sequences was developed and the homogenization algorithm was executed based on either displacement prescribed or traction prescribed requirement. The developed analytical model was applied to predict the effective mechanical properties of the composite conductor, and conductors with different cross-sections and fiber orientations. The results of the model predictions were presented and compared to the finite element solutions.
The mechanical properties of the homogenized EM composite conductor behave anisotropy due to the material and the structural anisotropy of the conductor. The material anisotropy is primarily caused by the anisotropic properties of the constituent insulation layer originated from the glass fiber composite. The structural anisotropy is caused by the in-plane dimensional difference in the conductor global structure. Both anisotropies contribute to the structural property differences between the in-plane modules (E shown in the table is due to the geometric difference (structural anisotropy) of the conducting core in X and in Y direction, while this difference is vanished if the dimensions of the conducting core in X and in Y are the same, as the case of conducting core with square crosssection (a ¼ 1) as shown in Fig. 12 . However, the effective Poisson ratios predicted from the analytical model, particularly the axial Poisson rations m CC XZ and m CC YZ , are not as sensitive as the modulus to the material and structural anisotropies, as shown in Figs. 11-13 . Also, comparisons of the predictions with different insulation layer thickness and conducting core cross-section reveal that the increase insulation layer thickness, or the reduction of the conducting core dimension will, in general, result in the decrease of the conductor stiffness, as shown in Fig. 11 .
The results of the analytical prediction have been compared with the finite element prediction. A good agreement between the analytical and numerical predictions shown in Figs. 9 and 10 demonstrate the applicability and accuracy of the presented homogenization model.
